Vascular endothelium was investigated by indirect immunofluorescence and immunoautoradiography for the possible presence of spectrin-like molecules. Antibodies were raised against electrophoretically purified rat, rabbit, and bovine red blood cell spectrin and against rabbit brain fodrin. Antibody specificity was assessed by immunoblotting and double-diffusion technique. Homogenates of endothelial cells freshly isolated from heart microvasculature or aorta, as well as cultured aortic endothelial cells, were analyzed by gel electrophoresis. Immunoautoradiograms of gels incubated with spectrin specific antibody, followed by radio-labeled protein A, revealed two bands of electrophoretic mobility similar to that of the a-and /3-subunits of spectrin. Indirect immunofluorescence of endothelial cells, both in situ and in vitro, showed the existence of a protein which cross-reacted with the antibodies against spectrin and fodrin. Controls, in which endothelial cells were exposed to spectrin antibody absorbed with pure spectrin or preimmune serum, were negative. These findings indicate that endothelial cells express a protein antigenically related to the spectrin family; both spectrin-and fodrin-like molecules, in various proportions, may coexist. In the endothelial cell, these proteins may play an important role in modulation of the cytoskeleton in response to various stimuli, and in maintaining the biochemically differentiated microdomains of plasmalemma. (Circ Res 58: 605-610, 1986) Endothehal cells isolated from rabbit heart microvasculature toere kindly prepared by D. Predescu-Mandas, C. Popescu, and I. Andreescu The technical assistance ofF. Chintescu, D Nicoara, E. Ceorgescu, V. Barbulescu (experiments), E. Stefan, V. G. lonescu (photography), and M. Mazilu (editing and typing) is gratefully acknowledged.
TWO recent developments prompted our inquiry on the presence of spectrin-like proteins in endothelial cells (EC) . First is the discovery that EC plasmalemma contains microdomains of defined chemical composition 1981a , 1981b . Occurring within a continuous fluid bilayer, such domains should be stabilized by some inframembranous cytoskeleton-related structures which may restrict the mobility of some membrane proteins, and effectively preserve their segregation. Second is the growing evidence on the cytoskeleton involvement in major activities of EC such as growth, adhesion, permeability, adaptive response to hemodynamic forces, etc. Changes in the EC shape as response to various extracellular stimuli imply molecular association between plasmalemma and cytoskeletal elements. Such a system would give plasmalemma strength and stability and would allow rapid modulation of the cell shape.
In red blood cells (RBC), spectrin is assumed to function in concert with other cytoskeletal proteins in maintaining the cell shape and in restricting the mobility of integral membrane proteins (Marchesi, 1983) .
Recently, spectrin-like molecules immunologically related to, and sharing biochemical properties with, the erythrocyte spectrin have been identified in a variety of nonerythroid cell types (Goodman et al., 1981; Repasky et al., 1982; Burridge et al., 1982) .
The goal of this study was to find out: (1) whether EC cytoskeleton contains a protein-like spectrin, (2) whether this protein is present in EC of both microvasculature and large vessels, and (3) whether this EC protein is expressed both in situ and in culture.
Preliminary reports on these observations have been presented elsewhere (Heltianu et al., 1984a (Heltianu et al., , 1984b .
Methods

Cell Preparation
Microvascular Endothelial Cells
Microvascular endothelial cells (MEC) freshly isolated from rabbit heart (Simionescu and Simionescu, 1978) were used for cytoskeleton preparation (see below) and immunofluorescence experiments. For the latter, MEC suspended in 0.1M sodium phosphate-buffered saline (PBS), pH 7.2, were laid down onto Aldan blue-coated coverslips for 15 minutes. After extensive washing with PBS, a large number of cells remained rightly attached to coverslips.
Aortic Endothelial Cells
For immunofluorescence studies, fragments of rat and rabbit thoracic aorta cleared of blood, unfixed, or shortly fixed (15 minutes) in ethanol, were quickly frozen in isopentane cooled with liquid nitrogen. Sections (6 jzm thick) were cut with a Damon IEC Cryotome and collected on glass slides. En face (Hautchen) preparations of aortic endothelial cells (AEC) were obtained from fragments of rabbit or rat vessels longitudinally opened, placed with the endothelium side down onto gelatin-coated glass slides, and quickly frozen on a metal plate precooled with liquid nitrogen (Freudenberg, 1983) . By rapidly stripping away the rest of the vessel wall, the endothelium remained attached as a monolayer to the glass slides. For immunoautoradiography, AEC isolated according to Wechezak and Mansfield (1973) , or whole thoracic aorta stripped of adventitia, were used.
Endothelial cells isolated from bovine thoracic aorta (Macarak et al., 1977) were cultured in Dulbecco's modified Eagle's medium supplemented with 15% fetal calf serum (FCS). The cells were positive for factor Vlll-related antigen and were used at the 5th and 6th passages.
Cytoskeleton Preparation
Isolated MEC were treated with 1% (wt/vol) Triton X-100 (Serva) in 10 HIM Tris-HCl buffer, pH 7.2, containing 1 mM Na 2 EDTA, 0.1 ITIM dithiothreitol (DTT), and 1 mM phenylmethylsulfonylfluoride (PMSF) for 30 minutes at 0°C. Rabbit or rat thoracic aorta stripped of adventitia was homogenized in 9 mM Tris-HCl, pH 7.4, 3 mM Na 2 EDTA, 0.1 mM DTT, and 1 ITIM PMSF on ice. The insoluble material was incubated for 1 hour on ice in the same buffer containing 1% (wt/vol) Triton X-100 and 1 mM KC1. The pellets harvested at 30,000 g for 10 minutes were used for immunoautoradiography.
Cytoskeleton of cultured EC was obtained by incubating confluent cultures with 0.4% Triton X-100 in cytosolic buffer (70 mM KC1, 5 mM MgClj, 3 mM EGTA, 30 mM HEPES), pH 7 (Peters et al., 1984) , for 5 minutes. After extensive washing in the same buffer, cells were processed for indirect immunofluorescence.
Preparation of Antigens and Antibodies
Rabbit, rat, and bovine RBC spectrin were prepared as described by Litman et al. (1980) , and further purified by preparative polyacrylamide gel electrophoresis (PAGE). The two spectrin subunits, revealed by immersing the gel in 1 M KG at 0°C, were excised and used as immunogens. Rabbit brain fodrin obtained by gel filtration on Sepharose CL 4B (Pharmacia) was purified by preparative SDS-PAGE, visualized as above, and used as immunogen (Glenney et al., 1982) .
Antibodies against rabbit, rat, and bovine spectrin were raised in guinea pigs and rabbits, respectively (Yurchenco et al., 1982) , whereas antibodies against rabbit fodrin were raised in guinea pigs (Burridge et al., 1982) . Affinitypurified anti-spectrin IgG was obtained by incubating the hyperimmune serum with RBC spectrin electrophoretically transferred from the gel to nitrocellulose (NC) strips (Schleicher Schuell). The purified IgG fraction, as well as all antisera, were characterized by immunoelectrophoresis, immunoblot analysis against crude immunogen (Towbin et al., 1979) , and were tested by immunofluorescence microscopy on homologous RBC.
Immunoabsorbtion of Antiserum
Rabbit RBC spectrin was electrophoretically eluted from preparative SDS-PAGE dialyzed against distilled water for 2 days, and lyophilized. Homologous spectrin antibody was incubated with pure spectrin for 24 hours before use (Repasky et al., 1982) .
Preabsorbtion of antiserum against bovine spectrin was performed as follows: the bands corresponding to spectrin cut out of preparative SDS gels were electrophoretically Circulation Research/Vol. 58, No. 4, April 1986 transferred on NC paper. The strips were incubated sequentially in 10% FCS and 2.5% bovine serum albumin (BSA) in PBS for 1 hour, and the antiserum against bovine spectrin (diluted 1:50) for 16 hour. The collected absorbed antisera were filtered through a 45-^m Millipore membrane and were used as controls.
Polyacrylamide Gel Electrophoresis
EC were solubilized in 1% sodium dodecyl sulfate (SDS), 0.15 M Tris-HCl, pH 6.9, 1 mM Na 2 EDTA, 1% 2mercaptoethanol, 10% glycerol, and bromphenol blue. One-dimensional electrophoretic analysis of EC proteins was performed on conventional (10% acrylamide) Trisglycine system (Laemmli, 1970) or on high-resolution (12.5%) acrylamide gels (Hubbard and Lazarides, 1979) .
Extracts of cultured cells were obtained by scraping EC from dishes, which were then collected by a low-speed centrifugation and incubated in 50 mM Tris-HCl buffer pH 7.4 containing 150 mM Na 2 EDTA, 0.02% NaN 3 , 0.03 mM PMSF, 0.1% SDS, and 0.1% Nonidet P-40 for 15 minutes, at 4°C. The suspension was centrifuged for 5 minutes in a Beckman microfuge, and the cleared supernatant was used.
Protein concentration was determined by the Lowry method, with BSA as standard.
Immunoautoradiography
Staphylococcus aureus protein A (Pharmacia) was iodinated with carrier-free [ I]sodium iodide (New England Nuclear).
SDS-polyacrylamide gels were incubated with antiserum followed by radioiodinated protein A (Granger and Lazarides, 1980) . Gels were exposed at -30°C for 8 days for RBC ghosts, and for EC on X-ray films with intensifying screens (for details, see legend to Figure 3 ).
Immunofluorescence Microscopy
Cryostat sections of whole aorta, en face preparations of AEC, and isolated MEC attached to coverslips, were fixed for 15 minutes in 95% ethanol. After permeabilization with 0.01% saponin in PBS containing 0.1% BSA (buffer I) for 15 minutes, specimens were incubated with homologous anti-spectrin immunoglobulin G (IgG) (or whole antiserum), or anti-fodrin serum in a moist chamber at 20°C for 45 minutes. Antisera were diluted at 1:10 to 1:50 in PBS containing 0.01% saponin and 1 % BSA (buffer II). After being washed 3 times for 15 minutes with buffer I, the specimens were incubated for 45 minutes with fluorescein isothiocyanate (FITC)-conjugated goat antirabbit IgG (Miles) (1:50 dilution in buffer II). Rabbitderived EC were incubated sequentially with guinea pig anti-rabbit RBC spectrin serum, rabbit anti-guinea pig serum, and FITC-goat anti-rabbit IgG, each for 45 minutes (Courtoy et al., 1982) . Indirect immunofluorescence of cultured bovine aortic EC was performed as described by Goodman et al. (1981) , except that 0.05 M ammonium chloride was used for quenching. The cells were incubated with primary antiserum (1:50 dilution), followed by the fluorescent second antibody, each for 45 minutes, at 37°C.
Antisera absorbed with pure spectrin and preimmune sera, were used in similar conditions as controls. In some experiments, for quenching the nonspecific binding sites for IgG, the specimens were incubated for 45 minutes with normal goat serum (1:40 dilution) prior to antispectrin or preimmune serum. Coverslips and culture dishes mounted in glycerol-PBS (1:1) were examined with a Zeiss microscope equipped with epifluorescence illumination and appropriate filters for FITC.
Results
Characterization of Antibodies
To assess the specificity of anti-spectrin sera and to check for possible contaminants, rabbit crude spectrin electrophoretically transferred from gels to NC sheets was incubated with the respective antibody, followed by [ 125 I]protein A. By comparing the silver-stained gel of crude spectrin with the corresponding autoradiogram, we found that the antibody cross-reacted exclusively with the spectrin 240,000-and 220,000-dalton peptides (Fig. 1, lanes  a and b) . Similar results were obtained with rabbit anti-rat or rabbit anti-bovine spectrin. The stained bands were not due to contaminating myosin, recently described as component of red cell membrane (Fowler et al., 1984) , because the antibodies did not cross-react with pure myosin, platelet myosin (data not shown) and did not stain by immunofluorescence methods the smooth muscle cells of the aortic media ( Fig. 4a ). Moreover, antibody preabsorbed with pure spectrin did not present cross-reaction with any other molecules, including myosin. Im-
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607 munoblot analysis of fodrin antibodies against crude immunogen yielded one reacting band at the position of the fodrin doublet. Whether this band represents reactivity of the tight doublet of fodrin or of only one of the bands could not be resolved in this gel (10% acrylamide). The lower molecular weight band which cross-reacted with antiserum, probably represented degradation of higher molecular weight chains (Fig. 1, lane c) (Davis and Bennett, 1983) . The immunoelectrophoretograms of antisera against crude spectrin or fodrin revealed only one precipitin line at the position of immunogen. RBC gave a characteristic strong immunofluorescence after staining with anti-spectrin.
Detection of Spectrin-like Molecules in Endothelial Cells
lmmunoautoradiography One-dimensional SDS-gel electrophoresis of detergent-resistant cytoskeleton prepared from MEC or AEC showed a large number of proteins, two of which appeared as fine bands of high molecular weight polypeptides with an elecrrophoretic mobility similar to that of the a-and /3-subunits of RBC spectrin (Fig. 2) . Immunoautoradiograms of SDSpolyacrylamide gels of RBC spectrin, cytoskeleton of isolated MEC and AEC, as well as extracts of cultured EC, showed two high molecular weight polypeptides cross-reacting with the spectrin antibody (Fig. 3, lanes a to d) ; additional bands were not detected. The two EC polypeptides appeared at © FIGURE 1. Characterization of antibodies by immunoblotting. Crude RBC spectrin and brain fodrin electrophoretically transferred to nitrocellulose sheets were incubated with anti-spectrin or fodrin antiserum, respectively, followed by [ ui I]protein A. Autoradiograms were exposed one day at -30°C with an intensifying screen Lane a: silverstained gel of crude RBC spectrin; lane b. autoradiogram of the electrophoretically transferred protein from a gel identical to that in lane a, stained with anti-spectrin serum, shows the specificity of antibody for its immunogen, only; lane c. autoradiogram of nitrocellulose-transferred crude fodrin stained with anti-fodrin serum shows the specific cross-reaction of the antibody with fodrin; the lower molecular weight band presumably represents degradation products of the higher molecular weight chains. 240.000-220.000-Circulation Research/Vol. 58, No. 4, April 1986 Q b c d e f g FIGURE 3. Anti-spectrin immunoautoradwgraphy of endothelial cells. (lanes d and e) , and detergent-insoluble material of aorta stripped of adventitia (lane p. The unstained gels were incubated with anti-spectrin followed by [ l2i I]protein A. The autoradiograms were exposed for 8 days. Note that in EC and aorta homogenate (lanes b, c, d, the position of a-and /3-bands of RBC spectrin. On autoradiograms, they were more easily compared when small (8 ng) rather than large amounts (8 fig) of spectrin were used. Autoradiograms of detergentresistant material of homogenized rabbit thoracic aorta incubated with spectrin antibody gave comparable results (Fig. 3, lane f) -Similarly, anti-fodrin cross-reacted with two high molecular weight bands on autoradiograms of EC (not illustrated). Heterologous antibody, i.e., anti-rabbit spectrin incubated with bovine EC, gave a cross-reaction restricted to the a band of spectrin-like molecules (Fig. 3, lane  e) . Controls with preimmune serum did not present any cross-reaction.
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SDS-PACE of RBC spectrin (8 ng) (lane a); cytoskeleton of MEC (lane b) and AEC (lane c); extract of cultured AEC
Immunofluorescence
Sections of rat and rabbit aorta incubated with homologous anti-spectrin serum or affinity-purified IgG followed by FITC-conjugated antibody showed a positive staining at the level of the endothelial lining (Fig. 4, a and b) . The antibody-specific fluorescence was easily distinguishable from the autofluorescence of the elastic lamellae. When affinitypurified IgG was used, there was a suggestion that the fine staining underlined the endothelial plasmalemma (Fig. 4b) . The smooth muscle cells of the aortic wall did not react with our antibodies. En face preparations of rabbit AEC and MEC stacked onto coverslips, upon incubation with anti-spectrin, presented a diffuse reaction over the entire cell area (Fig. 5) . In cytoskeletal preparation of cultured AEC, the fluorescence appeared scattered throughout the cell, but often was restricted to a fine fibrillar network (Fig. 6a ). In control experiments, preimmune serum or antiserum preabsorbed with the corresponding immunogen gave a very faint unspecific fluorescence (Figs. 4c, and 6, b and c) .
Discussion
At present, there is only scant information on the occurrence of specrrin-like molecules in EC. Immunofluorescence studies have shown that, among other nonerythroid cells (i.e., neurons, epithelial cells, striated muscle cells), arterial EC cross-react with antibodies against the a-subunit of avian spectrin (Repasky et al., 1982) , and cultured bovine aortic EC cross-react with anti-spectrin and anti-fodrin sera (Heltianu et al., 1984a (Heltianu et al., , 1984b Pratt et al., 1984) .
In this study, we raised antibodies to RBC spectrin and brain fodrin, and by using immunofluorescence and immunoblot techniques, we revealed the presence in EC of a protein related to spectrin family; this applied to EC of both microvasculature and large vessels. This protein has an electrophoretic mobility similar to RBC spectrin, and cross-reacts with spectrin antibody and anti-fodrin serum as well. The intensity of cross-reaction of EC spectrinlike protein with anti-spectrin and anti-fodrin antibodies was quite similar, both by immunofluorescence and immunoblot techniques. This finding is not unexpected or unusual, since it has been shown that in other cell types (e.g., intestinal epithelium, cardiac muscle) members of the spectrin family can coexist in the same cell (Glenney and Glenney, 1983) . The actual significance of this dual crossreaction is under investigation. Cultured EC analyzed by the same methods maintain their spectrinlike proteins.
In EC, the small amount (relative to total proteins) of spectrin-iike molecules renders their detection by SDS-PAGE difficult. However, the immunoautoradiography of the proteinaceous extract obtained from EC has revealed two fine bands at the position of a-and /3-subunits of spectrin. The detection of these bands requires a long exposure of autoradiograms which indicates that the cross-reaction of the spectrin antibody with EC is weaker, compared to RBC spectrin. This may be due either to the small number of spectrin molecules per cell or to the limited number of common epitopes between en-dothelial and RBC spectrins. Homogenate of aorta also shows on immunoautoradiograms two bands which react with the spectrin antibody. EC spectrinlike molecules may be the main contributor to these reacting bands, since our spectrin antibody does not react with smooth muscle cells of aortic media by immunofluorescence technique (as also reported by Repasky et al., 1982) .
Spectrin of EC may represent one link in the chain of molecules involved in the rapid cell response to various stimuli. In these cells, spectrin may be a part of the molecular assembly needed for transduction of information and response of the cell cytoskeleton to extracellular demands. As in other cells, it is quite FIGURE 6. Cytoskeleton preparation of cultured bovine AEC exposed to anti-bovine spectrin, followed by a fluorescent second antibody. Note that, in well-extracted cells (arrow) , the fine fluorescence appears as a fibrillar network through the cell (lane a). In controls, EC show only a very famt unspecific fluorescence, after incubation with either preimmune serum (lane b) or antiserum preabsorbed with spectrin (lane c) (600 x).
likely that EC actin binds to the plasmalemma by interaction with other plasma membrane-associated proteins (actin-binding proteins), one of which may be spectrin.
Spectrin could also be involved in maintaining the segregation and integrity of various microdomains described on the EC plasmalemma (Simionescu et al., 1981) . This function could be accomplished in concert with other cytoskeletal proteins or intramembranous molecules.
It remains to be established whether in EC, other molecules besides spectrin, such as ankyrin and band 4.1, are also involved in cytoskeletal modulations. Further studies are needed to determine the chemical nature of EC spectrin peptides and the detailed cellular topography and interaction of spectrin with the cytoskeleton and plasmalemma, as well as their modification in various experimental and pathological conditions.
